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The angular distribution between 20' & 0, & 180 of ' 0+ Ca elastic scattering at
E, = 35.7 MeV has been analyzed in terms of the optical model. For both the real and
imaginary parts, the standard Woods-Saxon and spline-function parametrizations of the op-
tical potential have been investigated. In the angular region 0, & 112', Woods-
Saxon —Woods-Saxon potential combinations suffice to describe the data; however, no fit
could be obtained either by Woods-Saxon —Woods-Saxon or by Woods-Saxon —Spline-
function potentials for the complete angular distribution (0, & 180'). In contrast, the
Spline-function —Woods-Saxon combination reproduces the experimental data we11. No
further improvement of fit quality is obtained by parametrizing both the real and imaginary
parts in terms of spline functions. The best-fit Spline-function —Woods-Saxon potential is
found to consist of a real part, having significant wiggles in the interior, coupled. to a shal-
low imaginary part with a depth 8' —2 MeV and a large radius 8; = 1.60(A~' ' + AT' ')
fm.
NUCLEAR REACTIONS 0+ Ca elastic scattering,
E,~ = 35.7 MeV; optical model analysis including a "model-
„ independent" potential parametrization by spline functions.
I. INTRODUCTION
In analogy to the light ion (Ap ( 3) case, the
description of the elastic scattering of a heavy ion
has been generally attempted in terms of the optical
model. Analyses performed so far have given in-
consistent pictures regarding how far the elastic
scattering data could give information on the poten-
tial shape, particularly, in the interior region. For
example, using the notch perturbation method, Cra-
mer and DeVries' have found that neither light- nor
heavy-ion scattering at any energy probes the interi-
or of the nucleus. On the other hand, using a simi-
lar method, Delbar et al. have shown that angular
distributions for the a -particle elastic scattering on
Ca nuclei at E~ = 36.2 MeV are influenced not
only by the tail region of the potential, but also by
the very inner part around R = 2 fm. In fact, the
details of the potential shape in the interior region
were found to be responsible for the so-called
"anomalous large angle scattering" (ALAS) ob-
served in Ca(a,a) elastic scattering. It is worth
mentioning that deep penetration ("transparency")
of a particles into the Ca nucleus was also sug-
gested by Friedman and Batty from their model-
independent analysis of o + Ca elastic scattering
at E = 140 MeV. Taking advantage of this tran- '
sparency of Ca to o particles, Michel and Vander-
poorten' succeeded at obtaining a consistent descrip-
tion of a- Ca elastic scattering over a wide range of
incident energies using a "sphne-parametrization"
technique.
It is well known that a phenomenon similar to
the ALAS has also been observed in some
heavy-ion elastic scatterings. Attempts to explain
this phenomenon in terms of, e.g., quasimolecular
resonance, the cluster exchange mechanism, or sim-
ple potential scattering have been summarized in
Ref. 10. While enhancement of the large-angle
cross section can be obtained easily with a conven-
tional optical model potential having Woods-Saxon
shape in both real and imaginary parts by simply
reducing the strength of the imaginary potential, "
the details of the angular distribution cannot be
reproduced correctly.
In this report, we present results of an optical
model analysis of ' 0 + Ca elastic scattering at
E,~ = 35.7 MeV, measured' up to 0, ~ = 180'.
The objectives are (I) to check whether a better
description of the experimental angular distribution
can be obtained by giving more degrees of freedom
to the real and/or imaginary part of the optical po-
tential, and (2) to see to what extent the Ca nu-
cleus can be transparent to an ' 0 projectile which
is considered to consist of a clusters; in particular,
to establish whether the elastic scattering cross sec-
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tion is also sensitive to the details of the optical po-
tential in the interior region.
II. METHOD OP ANALYSIS
The optical model analysis was performed using
the computer code "OPTY," which automatically
searches for the optimum values of the potential
parameters by minimizing the J value defined as
2
1 + p(8') +th(8' a 1 . aM )
X (a, ,. . . ,aM) =— (8.)t +exp i
At each angle 8;, the quantities tr,„p(8;), ho,„p(8;),
and o;h(8;) represent the experimental value, its es-
timated error, and the theoretical value of the elastic
scattering differential cross sections, respectively.
The potential parameters searched upon are denoted
by a ~,. . . ,aM., the quantity I' represents the number
of degrees of freedom.
For the spline parametrization, the starting
spline parameters S; (i = 1,. . .~;M = 12) at the
corresponding radii r; were computed from the po-
tential sets SA, ST1, and ST2 (strong absorption,
and surface transparent 1 and 2, respectively) of
Ref. 9 (see Table I). Several sets of r; values,
among which a set with r; = (i —1) fm,
i = 1, ,12, were used to study the dependence
of the resulting best-fit potential (see Sec. III) on
the starting conditions of the search procedure.
The error band associated with the extracted
best-fit spline real potential was calculated using the
covariant matrix method as described in Ref. 6. It
should be emphasized that this error band reflects
only the statistical uncertainties of the extracted po-
tential shape around the 7 -miminum value.
III. RESULTS
Figure 1 shows the experimental angular distribu-
tion relative to the Rutherford cross section. The
dashed curve denotes the optical model prediction
using the Woods-Saxon —Woods-Saxon (WS-WS)
potential set'ST1 of Ref. 9. The best-fit curve ob-
tained in this work using a spline-function—
Woods-Saxon (SPL-WS) potential is given by the
solid line (see Table I).
It can be seen from Fig. 1 that the SPL-WS po-
tential gives far better fit quality compared to that
obtained using ST1, in particular at angles
8, & 112', where the ST1 curve drastically
disagrees with experiment. It should be recalled
that the sets ST1 and ST2 of Ref. 9 are character-
ized by a weak imaginary potential which was re-
quired to produce an oscillatory pattern at angles
8, & 112' (see Fig. 2). This feature was also
found by Satchler" in the analysis of the ' 0 + Si
elastic scattering data at E, —33 MeV. We
have also performed further searches using WS-WS
potentials. We confirmed that the use of a strong
imaginary part does riot produce an oscillatory pat-
tern in the angular distribution at large angles for
both WS and SPL parametrizations of the real part
of the potential. For a WS real part, no further im-
provement was obtained even after giving more de-
grees of freedom to the imaginary potential by using
a spline function. Similarly, the use of a spline
parametrization of both the real and imaginary parts
did not bring any significantly better fit quality than
that represented by the solid line in Fig. 1.
Figure 2 shows the radial dependence of the real
and imaginary potentials used in the present work
and those of Ref. 9. The parameters are listed in
Table I. The following features are worth noting:
TABLE I. The "0+ ~Ca optical potential parameters for E, = 35.7 MeV. Radii are defined as
8 = r(Ap' '+ AT' ') and rc = 1 0
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FIG. l. The experimental angular distribution of the
' 0+ Ca elastic scattering at E, = 35.7 MeV relative
to the Rutherford cross section. The solid line represents
the best-fit obtained in the present work using a SPL-%S
otential (see text); the dashed curve was calculated usingp r.










(i) The real part of the best-fit SPL-WS potential
exhibits significant wiggles in the interior region,
10similar to those observed by Barrette and Kahana
in the analysis of 0 + Si elastic scattering angu-
lar distribution at E, = 21.2 MeV. The effects of
using different sets of radii r; were investigated and
not found to change the conclusion.
(ii) The best-fit imaginary potential is found to
have a depth of only about 2 MeV but having a
1/3 g 1/3)large range with a radius 8; = 1.6(A& +AT )
fm. This result corroborates those found by
Satchler" and Mackintosh et al. ' In the interior
region, 'this depth is much smaller than that of the
sets ST1 and ST2 of Kubono et al. However, in
the surface region near the strong abso+tion radius
Rs~ —1.5(Ai ' + AT' ) fm (see Fig. 2), ST1 and
ST2 give practically no absorption, . whereas in the
SPL-WS potential the absorption strength resem-
bles that of the strong absorption potential set SA.
It is worthwhile to point out (see Figs. 1 and 2)
that the experimental data in the angular range
8, & 112' do not put strong constraints on the
geometry of the imaginary potential. Good fits o
comparable quality are obtained either with the set
SA (strong absorption potential) or with the ex-
tremely surface transparent potential ST1 which
reaches its full absorption strength only in the re-
gion far inside of the strong absorption radius.
The influence of the absorption strength on the
theoretical angular distribution in the present best-fit
po ent tial is illustrated in Fig. 3. It can be seen that
a strong oscillatory structure is observed in the ab-
sence of absorption. Furthermore, the absorptive
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FIG. 2. The radial dependence of both the real and
imaginary parts of the best-fit SPL-%'S potential corn-
pared to those obtained in Ref. 9.
potential clearly plays an essential role for the
overa11 reduction of the cross sections at large an-
gles, as well as for modifying the oscillatory pattern.
The fact that an imaginary depth of only about 2
MeV is necessary to describe the experimental angu-
lar distribution satisfactorily suggests, as in the
u+ Ca system, a high degree of transparency of
16the Ca nucleus to the incoming 0 projectile.
This finding contradicts the claim put by the au-
thors of Ref. 1 that neither light- nor heavy-ion
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scattering at any energy probes the interior of the
nucleus.
Figure 4 shows the effects of modifying only the
interior shape of the real potential on the angular
distribution. The dashed curve is obtained using the
real potential SPLA (see Fig. 2) obtained from the
SPL set by modifying it to have a smooth shape in
the region R & 8 fm. The angular distribution is
strongly a6ected in the large angle region (8, m
& 112'), the resulting curve being in gross disagree-
ment with the data. In this analysis the wiggle
structure in the interior region of the real potential
100
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FIG. 3. Illustration of the sensitivity of the optical
model cross section with respect to the variation of the
depth in the imaginary part of the best-fit SPL-WS poten-
tial (8' = 0 MeV, dashed line; 8' = 1 MeV, dotted-
dashed line; best-fit SPL-WS, solid line).
does indeed appear to be necessary to describe the
back-angle data correctly. In order to assess the
possible physical significance of the wiggles, one
should note that the optical potential for the scatter-
ing of two composite particles is a highly nonlocal
quantity. ' The conventional analysis is heavy ion
scatterings in terms of the optical model. has, to
date, relied only on local potentials. One should,
therefore, ask what the shape of an equivalent local
potential should take. This question has been stu-
died recently by Bauhoff et al."for the case of pro-
ton scattering from ' C and Ca. They have con-
structed an equivalent local potential containing no
singularities from the regular and the irregular solu-
tions of the nonlocal scattering problem. In the
case of 30 MeV protons, the equivalent local poten-
tial resembles a WS shape only in the surface re-
gion; the interior part, however, exhibits rapid oscil-
lations. In view of this, we suggest that the wiggles
in the real part of the present best-fit potential may
be due to the nonlocality of the heavy-ion potential.
Indeed, nonlocality effects for the ' 0 + Ca sys-
tem due to the Pauli principle have been taken into
account by Friedrich et al. ' using a one-channel
approximation to the resonating group method. A
strong backward rise in the angular distribution was
predicted for E, = 30 MeV, which qualitatively
agrees with the currently analyzed data at
E, = 35.7 MeV.
Finally, to test the sensitivity of the predicted
cross section to the deep interior region of the real
potential, we modified the SPL potential by setting
the potential value for zero for R & 1 fm. The
resulting angular distribution is shown in Fig. 4
(dotted-dashed curve). The large angle cross sec-
tions are strongly affected, a feature similar to that
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FIG. 4. Illustration of the sensitivity of the optical
model cross section with respect to changes in the radial
dependence of the real part of the ' 0+ Ca optical po-
tential (see text). Dashed line: potential set SPLA of Fig.
2; dotted-dashed line: best-fit SPL-WS potential cutoff at
8 = 1 fm; solid line: best-fit SPK,-WS potential.
IV. CONCLUSIONS
From the present model-independent analysis of
the ' 0 + Ca elastic scattering angular distribution
at E, = 35.7 MeV the following conclusions can
be drawn:
(i) Fixing the analytic form of the real potential to
a WS shape cannot lead to a good description of the
experimental data.
(ii) On the other hand, the data are successfully
described by, a spline real potential in combination
with either a WS or a spl'ine imaginary part. How-
ever, no significant improvement is obtained by giv-
ing more freedom (through a spline parametrization)
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to the imaginary part.
(iii) The best-fit SPL-WS potential is characterized
by a real part having an oscillatory pattern in the
interior region and by a shallow (W —2 MeV) ima-
ginary potential with a large radius R; = 1.6
(Az'~ + AT'~ ) fm. The theoretical cross sections
are found to be sensitive to the depth of the ima-
ginary potential as well as to the shape of the interi-
or part of the real potential.
In order to assess the significance of the present
results, the following steps are necessary:
(i) Consistency checks should be performed by
analyzing experimental data which cover a large an-
gular range at.other incident energies. However, no
such data ' 0+ Ca are available at present.
(ii) It is extremely important to check theoretical-
ly whether the oscillatory structure in the interior
region of the real potential is indeed due to the non-
locality of the ' 0+ Ca optical potential.
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